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DOI: 10.1002/adma.201804925
to meet some of the rapidly growing user needs, especially for large-scale, high power, and energy density applications. [1] This has prompted continuous development of new electrode materials with novel structures and battery chemistries. [2, 3] Recently, much effort has been devoted to 2D materials as electrodes for LIBs because they can provide layered ionic diffusion channels that are typically larger than the interspacing distance of traditional graphitic materials, to enable fast transport of lithium and other alkaline ions. [4] [5] [6] A wide variety of transition metal dichalcogenides (TMDs) have been explored for the purpose of promising battery electrodes, among which many studies on metal sulfides (MoS 2 , WS 2 , etc.) have experimentally demonstrated excellent Li-storage capacities that are related to the complex reaction mechanisms consisting of both intercalation and conversion reactions. [7] [8] [9] [10] [11] Noticeably, it is intriguing that tin-based 2D chalcogenides can achieve additional capacity by the LiSn alloying process, but this process also makes the phase transitions even more complicated. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] On the other hand, the lithiation via different pathways may lead to different intermediate and/or final products, which in turn would strongly affect the reaction reversibility and battery cyclability. [26] [27] [28] [29] [30] [31] Therefore, understanding the phase transformation mechanisms and reaction pathways during lithiation processes is a crucial prerequisite for improving battery performance.
Based on numerous previous studies, it is generally believed that the lithiation of 2D metal sulfides would start from the intercalation of Li ions into the S-S interlayers bonded by the weak van der Waals force. When such intercalation reaches a certain lithium content, it may trigger phase transformations in various forms, such as 2H to 1T phase transition in MoS 2 , [8] [9] [10] [11] two-phase or solid-solution-like phase transition in SnS 2 , [16] rocksalt phase disordering in SnS 2 , [17] and metal extrusion in copper sulfides. [26, 27] It turns out that the lithiation of 2D materials may have diverse reaction modalities from one to another, or even within a same material. For this reason, elucidating the lithiation mechanism of each specific type of promising materials is necessary and would be helpful in producing knowledge about the potentially common nature of the underlying electrochemical characteristics of similar TMDs.
2D materials have shown great promise to advance next-generation lithium-ion battery technology. Specifically, tin-based chalcogenides have attracted widespread attention because lithium insertion can introduce phase transformations via three types of reactions-intercalation, conversion, and alloying-but the corresponding structural changes throughout these processes, and whether they are reversible, are not fully understood. Here, the first real-time and atomic-scale observation of reversible phase transformations is reported during the lithiation and delithiation of SnSe 2 single crystals, using in situ high-resolution transmission electron microscopy complemented by first-principles calculations. Lithiation proceeds sequentially through intercalation, conversion, and alloying reactions (SnSe 2 → Li x SnSe 2 → Li 2 Se + Sn → Li 2 Se + Li 17 Sn 4 ) in a manner that maintains structural and crystallographic integrity, whereas delithiation forms numerous well-aligned SnSe 2 nanodomains via a homogeneous deconversion process, but gradually loses the coherent orientation in subsequent cycling. Furthermore, alloying and dealloying reactions cause dramatic structural reorganization and thereby consequently reduce structural stability and electrochemical cyclability, which implies that deep discharge for Sn chalcogenide electrodes should be avoided. Overall, the findings elucidate atomistic lithiation and delithiation mechanisms in SnSe 2 with potential implications for the broader class of 2D metal chalcogenides.
Lithium-Ion Batteries
Lithium-ion batteries (LIBs) have been used extensively as essential energy storage technology for consumer electronic devices and electric vehicles. However, their performance remains inadequate www.advmat.de www.advancedsciencenews.com SnSe 2 has been reported as an outstanding anode material with a high theoretical capacity of 798 mAh g −1 , attributed to its full lithium storage from all the intercalation, conversion, and alloying reactions. [18] [19] [20] [21] [22] [23] [24] [25] Compared to SnS 2 , SnSe 2 has a relatively larger interlayer spacing of 0.6141 nm, which may lower the diffusion barrier and increase the reversible transport of Li ions. [19] To date, only a few studies have shown the electrochemical reactivity of SnSe 2 with Li/Na ions, suggesting possible reaction mechanisms based on ex situ X-ray diffraction data. [19, 20] Although these results have provided a general guide of phase evolution during the electrochemical cycling of SnSe 2 , the dynamic microstructural changes caused by ionic migration and atomic reorganization, which are essential for battery performance and stability, remain elusive. To address this issue, we aim to dynamically unveil the atomically resolved structural evolution during the entire electrochemical lithiation and delithiation cycles of SnSe 2 using the state-of-the-art in situ transmission electron microscopy (TEM) approach, [26] [27] [28] [29] [30] [31] [32] complemented by the density functional theory (DFT) calculations. The combination of these tools have proven useful for detecting exact electrochemical reaction processes. [10, 17, 27, [33] [34] [35] Herein, we report the real-time observations of the electrochemical phase transformation of single-crystalline SnSe 2 nanoflakes using in situ high-resolution transmission electron microscopy (HRTEM) and in situ electron diffraction (ED) techniques. We have directly observed three stages of the electrochemical lithiation processes: i) first, the initial intercalation reaction occurs to form the Li x SnSe 2 (0 < x < 2) phase with expansion of the original 2D crystal lattices and an increase of interlayer spacing in c-direction; ii) second, a conversion reaction proceeds via the nucleation and growth of Li 2 Se and Sn nanoparticles that remain coherent to the original structure; iii) finally, when deep lithiation (discharge to voltage <0.1 V) is performed, Sn further reacts with Li to form Li 17 Sn 4 via an alloying reaction. It is worth noting that the electrochemically lithiated products are able to reversibly transform to the original SnSe 2 phase with the highly ordered (001) planes during the delithiation process. With help of DFT calculations, we demonstrate the atomic structures correlated to the reversible phase transformations in SnSe 2 electrode during the electrochemical reactions and elucidate the lithiation and delithiation mechanisms of SnSe 2 electrode.
Single-crystalline SnSe 2 nanoflakes which have the CdI 2 -type hexagonal 1T structure were used as an anode material for LIBs. The nanoflakes were prepared using the mechanical exfoliation method, [36, 37] as shown in Figure 1a (details described in the Experimental Section). The mechanically crushed SnSe 2 microparticles were sequentially changed to nanoflakes by a Scotch-tape exfoliation process. The exfoliated nanoflakes were mounted onto a TEM grid (for plan-view observation) or a metal wire (for cross-section view observation) to act as an active electrode, and the Li metal was used as a counter electrode along with the natively coated Li 2 O as solid electrolyte for in situ experiments (Figure 1b) . The electron diffraction patterns and HRTEM image of the transferred nanoflake indicate that the hexagonal-structured SnSe 2 single-crystal is oriented along the [001]-direction, as shown in Figure 1c -e. First, we conducted in situ lithiation experiments on a vertically mounted nanoflake to visualize the parallel arranged (001) basal planes of SnSe 2 because this cross-section orientation allows for a directly visible structural change upon the intercalation of Li-ion at the beginning of lithiation. Figure 1f shows a TEM image of a pristine SnSe 2 nanoflake contacted to the Li 2 O coated Li metal electrode. Li ions move into the layered structure of SnSe 2 under the potentiostatic discharging conditions. The interlayer spacing of (001) planes in the pristine nanoflake is 0.618 nm (Figure 1g) , and it is expanded by the inserted Li ions along with gradual transformation into amorphous, as shown in Figure 1h and Movie S1 in the Supporting Information. By precise measurement of the interlayer spacing as a function of lithiation time from the time-lapse HRTEM images (Figure 1i and Figure S1 , Supporting Information), we find a continuous change of the interlayer distance with respect to the increasing amount of intercalated Li-ions (x in Li x SnSe 2 ). We also note a dramatic increase in the interlayer distance (≈6-8 s, Figure 1j ), corresponding to the scenario where the top few layers are peeled off from the edge of the flake, making the distance increase by 8.39% on average (can be 0.708 nm at largest, equivalent to 14.6% expansion in maximum) before amorphization. Later, the electrochemically formed Li x SnSe 2 changes to an amorphous phase when the Li + intercalation exceeds the critical uptake content (at ≈10 s), indicating that the lithiation starts to change from the intercalation to the conversion. The subsequent conversion phase transformations, associated with the typical nucleation and growth of Li 2 Se and Sn phases from an amorphous phase, were also confirmed ( Figure S2 , Supporting Information).
To clearly identify the full picture of all phase transformations during the lithiation process, especially for those transformations that occur after intercalation, we performed in situ HRTEM observation during the lithiation of SnSe 2 nanoflakes. It is obvious to observe the distinct structure change from the overall contrast difference (TEM images of insets in (Figure 2b inset), indicating that the Li x SnSe 2 phase expands ≈3.58% but still remains in the same crystal orientation coherently with the pristine SnSe 2 phase. In addition, the formation and propagation of the phase boundary between SnSe 2 and Li x SnSe 2 were also clearly observed in real time, which is confirmed to follow the two-phase reaction pathway during the intercalation ( Figure S3 , Supporting Information). Combined with the previous observation of the vertically aligned (001) planes of SnSe 2 , we obtained a panoramic view of the first lithiation step-Li ions are inserted into the interlayer opening positions to cause a slight lattice expansion but maintain the integrity of the original 2D framework. Compared to other 2D layered materials, we found that the initial intercalation process of SnSe 2 is similar to the two-phase reaction in SnS 2 , [16] but different from the 2H-1T transition that occurs in MoS 2 . [8] [9] [10] www.advmat.de www.advancedsciencenews.com This is because the original 1T structure is preserved during the intercalation process, which suggests a superior structural stability to tolerate the strain induced by Li-intercalation.
With further insertion of Li ions, the structure of Li x SnSe 2 changes to the amorphous phase (Figure 2c ), while the newly formed Li 2 Se shows the same orientation as the pristine SnSe 2 nanoflake, indicating that the nucleation and growth of Li 2 Se are coherent to the original SnSe 2 structure (Figure 2d ). The electrochemically reduced Sn atoms start to agglomerate after insertion of a large amount of Li ions into the matrix and precipitate as Sn nanoparticles (Figure 2e ). The Sn precipitation process was found to proceed homogeneously, following a solid-solution-like reaction pathway ( Figure S4 
To confirm the phase transformations identified by in situ HRTEM and FFT analyses, we also performed in situ ED to www.advmat.de www.advancedsciencenews.com monitor real-time phase evolution during lithiation process. The in situ ED patterns sequentially captured from a larger area of a few micrometers collect structural information contributed from more material sampling and thus offer phase identification with higher precision and better statistical validation. Figure 3 shows ED intensity profile as a function of reaction time during in situ lithiation of SnSe 2 , which is derived from radially integrated ED and represented by the false colors. We can clearly observe three stages as Li ions insert into the SnSe 2 lattice, i.e., i) formation of Li x SnSe 2 phase with lattice expanded (indicated by dashed arrows in Figure 3a) ; ii) crystal-toamorphous transition of Li x SnSe 2 phase with excess Li + intercalation; iii) conversion reaction to form a composite of Li 2 Se and Sn. Representative ED patterns captured at each stage (Figure 3b-f) illustrate the coherent crystallography relationship amongst pristine SnSe 2 , lithiated Li x SnSe 2 , and converted Li 2 Se phases, which is consistent with the FFT analyses shown in Figure 2a -e. Combining both in situ ED and in situ HRTEM results, we now confirm the identical phase transformations during the same lithiation reactions and also validate the reliability of HRTEM and FFT analyses for precise phase identification.
We also investigated the electrochemical phase transformations during the delithiation process because these transformations are critically related to the reversibility and stability of SnSe 2 electrode. We selected another SnSe 2 nanoflake oriented along [001] direction (Figure 4a ) and completely lithiated it to the state shown in Figure 4b , in which the FFT pattern indicates the lithiation product is a mixture phase of Li 2 Se, Sn, and Li 17 Sn 4 , representing a deep discharge condition after both conversion and alloying reactions. Similar to the previous lithiation, the lithiated phases maintain a well-defined crystal lattice and orientation same to the original host structure. Due to the thermodynamic uphill nature of charging process, the delithiation is not a spontaneous reaction and requires much longer time (3600 s) for the in situ experiments. To minimize the effect of electron radiation, the electron beam was switched to the blank mode during the most delithiation period except for the time to capture images. From the time-lapse HRTEM images and the corresponding FFT patterns shown in Figure 4c -g, we found that most of the lithiated mixture has transformed back to SnSe 2 after the delithiation, which appears as the numerous nanosized domains homogeneously distributed within the original 2D matrix. The enlarged HRTEM image clearly indicates the highly ordered (001) planes of SnSe 2 with a lattice spacing of 0.619 nm after the delithiation for 3600 s, as shown in Figure 4h -l. During the first delithiation cycle, the entire nanoflake remains in a good integrity, mechanically and crystallographically, as evidenced by the well-kept sixfold symmetry in the FFT patterns during the in situ HRTEM imaging. We also conducted control experiments to eliminate the possible effect of electron radiation on SnSe 2 recombination, confirming that the electron beam exposure at the level in our experiments did not affect the electrochemical reactions ( Figures S5-S7 The lattice spacing increases due to the insertion of Li ions, leading to the split of diffraction spot of (10 10) plane shown in the inset of (b).
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Supporting Information). Our observation of SnSe 2 recombination provides solid evidence for the reversible deconversion process, which suggests a delithiation mechanism complementary to the previous report. [19] It is also noted that a certain amount of amorphous phase still exists after the delithiation due to the dramatic volume change caused by the alloying and dealloying of the Li 17 Sn 4 phase, which is helpful to maintain the flakes in a whole piece by minimizing the volume change along anisotropic directions. [32] Additionally, the dealloying of Li 17 Sn 4 takes a long time and overlaps with the deconversion in the timescale during the entire delithiation process. This could leave behind residual Sn and Li due to insufficient time for continued delithiation, and consequently retard the deconversion reaction and/ or induce the isolated unusable "dead" Li, which may strongly affect the reversibility of electrochemical cycling. Therefore, we would suggest utilizing only the contributions from the intercalation and conversion reactions and avoiding the alloying reaction, which can largely improve the reversibility and stability even as it compromises the overall capacity.
We continue to monitor the structural evolution of the same nanoflake during the subsequent electrochemical cycling. Figure 5 shows the HRTEM images indicating the overall change in the second lithiation and delithiation processes. The speckle features in the black-white contrast are associated with the SnSe 2 nanodomains composed of highly ordered (001)-plane stacks, which gradually disappear throughout the lithiation, as shown in the time-lapse HRTEM images in Figure 5a . We managed to control a shallow lithiation without triggering the alloying process, and thus only Sn and Li 2 Se resulting from the conversion reaction were found after the second lithiation, as demonstrated by HRTEM and FFT in Figure 5b -e. Since the second lithiation starts from a polycrystalline nanoflake rather than a single-crystal at the pristine state, a large number of SnSe 2 nanodomains may rotate to more random orientations when Li ions are inserted, and the generated Li 2 Se phase does not show the well-defined orientation relationship to the pristine SnSe 2 framework, as evidenced by the more diffusive FFT pattern. After the second delithiation for 3600 s, the majority phase returns back to SnSe 2 , while some residual mixture of Li 2 Se and Sn still exists without being fully reacted via deconversion (Figure 5f-i) . By tracing the same region of SnSe 2 nanoflake, we plot the in-plane area change throughout the first two lithiation/delithiation (discharge/charge) cycles, as shown in Figure 5j . We found that the first cycle was subject to the largest expansion (15.3%) and shrinkage (14%), while the second cycle showed smaller changes (13.9% expansion and 10.2% shrinkage), which may be due to a twofold effect: i) the first cycle involves the extra alloying process not shown in the second cycle; ii) the numerous small SnSe 2 domains in conjunction with the surrounding amorphous phase can buffer more volume change per Li insertion than a single-crystal flake. Nevertheless, these results clearly indicate the electrochemically reversible behavior of SnSe 2 in an LIB.
We conducted DFT calculations to investigate the phase transformation of SnSe 2 through both equilibrium and nonequilibrium lithiation pathways. For the equilibrium pathway, [38] under the framework of the Open Quantum Materials Database. [39, 40] The thermodynamic ground-state Li-SnSe 2 reactions are found to follow conversion (SnSe 2 + 2Li → SnSe + Li 2 Se; SnSe 2 + 4Li → Sn + 2Li 2 Se) and alloying (Sn → LiSn → Li 13 Sn 5 → Li 7 Sn 2 → Li 17 Sn 4 ) procedures ( Figure S9 , Supporting Information), but these T = 0 K energetics do not show the intercalation step that has been observed in our present study and previous reports on Li-SnS 2 and Na-SnSe 2 systems. [16, 17] This suggests that the realistic SnSe 2 lithiation experiments proceed in a manner that deviates from ground-state thermodynamic equilibrium. To elucidate the nonequilibrium lithiation pathways, we implemented our recently developed nonequilibrium phase search (NEPS) method (see the Experimental Section) [32] [33] [34] to identify the structures of intermediate phases from a large number of geometrically distinct Li/vacancy configurations on possible Li-insertion sites of the SnSe 2 structure at different compositions (Li/vacancy ratios). Considering the formation energies in the calculated nonequilibrium Li-SnSe 2 convex hull ( Figure S11 , Supporting Information), we find that the Li-intercalated Li x SnSe 2 (0 < x < 2) phases are energetically favorable. The pristine SnSe 2 has two types of interstitials, namely octahedral and tetrahedral sites ( Figure S10 , Supporting Information). Upon lithiation, the Li ions first energetically prefer to occupy the octahedral sites until they are completely filled up (x = 1); further Li-ion insertion would occupy the tetrahedral sites and also repel the octahedral Li ions to the nearby tetrahedral site to lower the energy, until all tetrahedral openings are fulfilled (x = 2); for further insertion, Li ions would have to be inserted to the octahedral sites again and form a disordered Li-Se compound where all interstitials are occupied (x = 3), as www.advmat.de www.advancedsciencenews.com shown in Figure 6 . It is worth noting that these results are consistent with the experimental observations: SnSe 2 undergoes a Li-intercalation process for 0 < x < 2 (the first voltage plateau), while further Li-insertion induces an amorphization process when 2 < x < 3 (the second voltage plateau), which corresponds to the beginning of the conversion reaction; but the overall 2D layered structure maintains high structural integrity for the whole range of 0 < x < 3, and beyond this point, the original layered crystal lattices collapse and initiate formation of Li 2 Se and Sn. This latter step is out of the regime of NEPS method. Nevertheless, the thermodynamic equilibrium calculation can provide key insight into the composition range of 3 < x < 8.25. Therefore, we combine the NEPS and ground-state calculations and plot the discharge voltage profile overlaid with the experimental measurement (Figure 6 ), which shows good agreement.
In summary, we have demonstrated atomic-scale imaging of the reversible phase transformations during the lithiation and delithiation of single-crystalline SnSe 2 nanoflakes in real time. The entire lithiation process involves multiple phase transformation in three stages: 1) the Li intercalation reaction to form the Li x SnSe 2 (0 < x < 2) phase with average 8.39% interlayer expansion and <15% planar expansion; 2) the conversion reaction (2 < x < 4) to form structurally coherent Li 2 Se and Sn via the nucleation-and-growth pathway; 3) the alloying reaction www.advmat.de www.advancedsciencenews.com (4 < x < 8.25) to form Li 17 Sn 4 under the deep lithiation condition. During the delithiation process, the Li 2 Se and Sn can reversibly recombine into numerous well-aligned SnSe 2 nanodomain stacks via a homogeneous deconversion process, but would gradually become crystallographically randomly oriented in the subsequent lithiation/delithiation cycles. We also found that the alloying and dealloying reactions may cause dramatic structural reorganization and consequently reduce the structural stability and electrochemical cyclability; and thus it would be better to avoid deep discharge for Sn based 2D chalcogenides. Combining in situ TEM observation and DFT calculation, the intermediate phases during dynamic lithiation and delithiation cycles have been confirmed and their atomic structure evolution during multiple phase transformations has also been elucidated. Our findings lead to mechanistic understanding of nanoscale (de)lithiation behavior of SnSe 2 and may provide valuable implications to other 2D metal selenides as well as Sn-based chalcogenides.
Experimental Section
Preparation of SnSe 2 Flakes: The [001]-oriented single-crystalline SnSe 2 nanoflakes were prepared using mechanical exfoliation method. [36, 37] The glass tube sealed single-crystalline bulk SnSe 2 flakes were broken down into relatively small and thin flakes in an Ar-filled glove box using a mortar. The fragmented plate with wide dimension was transferred onto a sticky Scotch tape to obtain few-layer SnSe 2 nanoflakes. After repeating the attachment and detachment, the selected SnSe 2 nanoflakes were transferred onto the thermal released tape using the same Scotch tape method. These nanoflakes attached to the thermal released tape were bonded with an ultrathin carbon film supported TEM grid. The Scotch tape was removed during heat treatment without applying physical force to prevent the damage of carbon films. TEM grid was cut with a sharp blade while confirming the location of nanoflakes with an optical microscope. The TEM half-grid was connected to the metal wire by conductive glue and then mounted onto the in situ TEM holder. The vertically aligned SnSe 2 nanoflakes were picked up from mechanically exfoliated flakes using Cu metal wire and directly mounted onto the TEM holder for in situ experiments.
In Situ TEM Characterization: The Nanofactory TEM-STM holder was used to perform the in situ (de)lithiation in the windowless settings. [41] [42] [43] [44] The nanoflakes loaded on the TEM half-grid or the metal wire were connected to one electrode, and Li metal coated with Li 2 O solid electrolyte was connected to the other counter-electrode, which was mounted onto the tip of piezo-driven metal probe in an Ar-filled glovebox. During the in situ electrochemical cycling, a constant negative (discharge) or positive (charge) potential was biased on the active SnSe 2 nanoflakes against the Li anode. The in situ HRTEM imaging was performed on JEOL ARM300CF TEM operated at 300 kV and HRTEM images were recorded using a Gatan OneView-IS camera with full frame size of 4096 × 4096 pixels. The pixel size of typical HRTEM images is ≈0.02 nm, which is sufficient to resolve atomic structures; and the measurement precision of corresponding FFT patterns is limited by the pixel interval of ≈0.01 nm −1 in reciprocal space, which ensures the accuracy of phase identification. The constant environment, ultrastable sample stage, and reliable protocol of focusing adjustment ensure the high stability of HRTEM imaging, where any possible artifact information due to sample drifting and defocus has been eliminated as much as possible. Control experiments have been done at pristine, lithiated, and delithiated conditions to demonstrate no obvious radiation damage or electron-beam induced reaction at the electron dose-rate of 100 e − Å −1 s −1 ) ( Figures S5-S7, Supporting Information) . In situ experiments were performed with electron dose-rate below this value. In situ lithiation and delithiation experiments were reproduced at various locations of multiple samples to ensure the observed phase transformations statistically meaningful.
Electrochemical Measurement: To investigate the electrochemical behavior, the electrode slurry was fabricated by homogeneously mixing with 60 wt% of SnSe 2 active materials, 20 wt% of Super P (Alfa Aesar), and 20 wt% of poly(vinylidene fluoride) binder (Sigma-Aldrich) dissolved in N-methyl-2-pyrrolidone (NMP) solution (Sigma-Aldrich), which was cast on Cu foil as a current collector. For the complete evaporation of NMP, the coated slurry was dried overnight at 80 °C in vacuum and then pressed uniformly. After punching into a circular shape, 2032 cointype half cells were assembled with a Celgard 2325 separator, Li foil Adv. Mater. 2018, 1804925 Figure 6 . Experimentally measured (black) and DFT calculated (red) discharge voltage profiles along with atomic models corresponding to the predicted intermediate phases during the nonequilibrium (0 < x < 3) and equilibrium (3 < x < 8.25) lithiation processes in SnSe 2 nanoflakes. The voltage profile corresponding to the intercalation step is predicted using DFT calculation is based on NEPS method (red solid line) and the voltage profiles corresponding to the conversion and alloying steps are calculated using DFT based 0 K thermodynamic equilibrium phase diagram (red dashed line). as a counter electrode, and 1.0 m LiPF 6 in ethylene carbonate/diethyl carbonate (50/50 vol%), Sigma-Aldrich) as an electrolyte in an Ar-filled glove box. Galvanostatic charge/discharge measurements were carried out with the voltage range from 0.0 to 2.5 V versus Li/Li + at a constant specific current of 50 mA g −1 using Arbin battery test equipment.
First-Principles Calculations: The first-principles DFT calculations reported in this study were conducted via the Vienna ab initio simulation package [45] with the projector augmented wave potentials [46] and the exchange-correlation functional of generalized gradient approximation of Perdew-Burke-Ernzerhof. [47] Two sets of parameters were applied: one for the energy sampling of lower energy configurations and the other for accurate total energy determination of selected structures. For the coarse energy sampling calculations, a plane-wave basis set with a cutoff energy of 300 eV and Γ-centered k-meshes with the density of 2000 k-points per reciprocal atom were used. For the accurate total energy calculations, a plane-wave basis set cutoff energy of 520 eV and Γ-centered k-meshes with the density of 8000 k-points per reciprocal atom. The intermediate phases were searched through the Li-SnSe 2 reaction, using the nonequilibrium phase search method (NEPS) [33] [34] [35] by exploring geometrically distinct Li/vacancy configurations on possible insertion sites of the SnSe 2 structure (Figure S10, Supporting Information) at different compositions (Li/vacancy ratios). The method proceeded as follows: i) identify all possible insertion sites in the original SnSe 2 structure using MINT; [48] ii) generate all symmetrically distinct configurations with Enum [49] for a series of compositions Li x □ 3−x SnSe 2 (0 < x < 3, where □ denotes a vacancy); iii) sample total energies of all configurations with coarse settings; iv) rank the structures by the total energies for each specific stoichiometry and calculate the formation energies by relaxing three lowest energy structures with accurate settings according to the reaction SnSe 2 + xLi → Li x SnSe 2 ; v) construct the lithiation convex hull using the formation energies and determine the composition points on the hull as the nonequilibrium intermediate phases. The average lithiation voltage (relative to Li/Li + ) was computed using the negative of the reaction free energy per Li added following the ground state convex hull (T = 0 K) to form a series of constant voltage steps along the two-phase regions of the convex hull, which should be viewed as an approximation to the actual voltage profiles. [50] At elevated temperatures (e.g., room temperature), the abrupt voltage drops become more rounded, due to entropic effects, which would be smoother when finite temperature effects are included. [51] 
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